In scallops, gametogenesis and spawning can diminish the metabolic capacities of the adductor muscle and reduce escape response performance. To evaluate potential mechanisms underlying this compromise between reproductive investment and escape response, we examined the impact of reproductive stage (pre-spawned, spawned and reproductive quiescent) of the giant scallop, Placopecten magellanicus, on behavioural (i.e., escape responses), physiological (i.e., standard metabolic rates and metabolic rates after complete fatigue) and mitochondrial capacities (i.e., oxidative rates) and composition. Escape responses changed markedly with reproductive investment, with spawned scallops making fewer claps and having shorter responses than pre-spawned or reproductive-quiescent animals. After recuperation, spawned scallops also recovered a lower proportion of their initial escape response. Scallop metabolic rate after complete fatigue (VO 2max ) did not vary significantly with reproductive stage whereas standard metabolic rate (VO 2min ) was higher in spawned scallops. Thus spawned scallops had the highest maintenance requirements (VO 2min /VO 2max ). Maximal capacities for glutamate oxidation by muscle mitochondria did not change with reproductive stage although levels of ANT and cytochromes as well as cytochrome C oxidase (CCO) activity did. Total mitochondrial phospholipids, sterols and the proportion of phospholipid classes differed only slightly between reproductive stages. Few modifications were detected in the fatty acid (FA) composition of the phospholipid classes except in cardiolipin (CL). In this class, prespawned and spawned scallops had fairly high proportions of 20:5n-3 whereas this FA in reproductivequiescent scallops was threefold lower and 22:6n-3 was significantly higher. These changes paralleled the increases in CCO activity and suggest an important role of CL on the modifications of CCO activity in scallops. However, mitochondrial properties could not explain the decreased recuperation ability from exhausting exercise in spawned scallops. Shifts in maintenance requirements (VO 2min /VO 2max ) and aerobic scope (VO 2max − VO 2min ) provided the best explanation for the impact of reproduction on escape response performance.
Introduction 27 28
The requirements of broadcast spawning lead many marine invertebrates to invest so 29 heavily in gametogenesis and spawning that reproduction represents a major stress (Barber 30 and Blake 1991). Given the material and energetic costs of gametogenesis and spawning, 31 metabolic expenditures are likely to change considerably during the reproductive cycle, 32 particularly in species with a high reproductive output. In scallops, gonadal maturation and 33 spawning lead to a negative energetic balance, a generally diminished physiological condition 34 and a decreased capacity to recover from exhausting exercise ( For each individual, part of the gonad was rinsed with filtered seawater and then fixed 124 in a 10% Helly fixative (Shaw and Battle 1957) . Tissues were dehydrated through an 125 ascending ethanol series and embedded in paraffin wax. Four 5µm thick sections were cut 126 through the entire piece of gonad and then stained with Ehrlich's haematoxylin and eosin 127 (H&E). Reproductive condition was assessed from one field per section (four fields per 128 scallop) using stereological analysis. For females, the proportions of normal and atresic 129 oocytes per field (gamete volume fraction, GVF, and atresic volume fraction, AVF) were 130 estimated on histological slides examined at 400x magnification with an image capture kit 131
CoolSnap-Pro digital kit 4.1 (Pernet et al. 2003) . Oocytes with atretic (abnormal shape or 132 colour) or lytic (denaturated) characteristics were considered to be in resorption (Lubet 1959) . 133
For males and females, the gametogenic stage (indifferent, development, mature, spawning or 134 spent) of each individual was determined by microscopic observation of slides as described 135
by Lowe et al. 1982 . We also estimated the gonadosomatic index (GSI: gonad wet mass/total 136 wet mass of soft tissues) as a quantitative criterion of reproductive stage. 137
138

Evaluation of escape responses 139
Individual scallops were placed in 60 x 60 x 12 cm trays containing ~ 15 L of filtered 140
(1 µm) seawater at the habitat temperature and escape responses were measured following 141 Lafrance et al. (2003) . After 2 min in the trays and when they 142 were ventilating normally, scallops were stimulated to swim and escape by touching them 143
Brokordt et al. (2000a) and
with an arm of a sea star, Asterias vulgaris. The time before the first reaction of the scallop, 144 the maximal number of valve adductions (claps) in a series, the total number of claps before 145 exhaustion, and the escape time (total time until exhaustion minus the time before the 146 min of stimulation. After 30 min of recuperation (during which metabolic rate was measured), 148 each scallop underwent a second escape response test (again followed by 30 min of metabolic 149 rate measurement). 150
Sea stars were obtained from the same site as the scallops and were maintained in a 151 flow-through seawater tank (100 L) at temperatures similar to those of the scallop tanks. Four chambers were used simultaneously, which allowed us to measure three animals and a 162 blank with an empty shell. The oxygen consumption of individual animals was determined by 163 sealing the chamber and measuring the reduction in percent dissolved O 2 with a YSI (5331) 164 polarographic electrode and analyzer. Seawater in the metabolic chamber was well mixed 165 with a magnetic stirrer. The output signal was monitored continuously starting from 100% 166 saturation and until at least a 20% decrease in saturation was reached. Immediately after 167 measurements, scallops were re-introduced into the flow-through seawater tanks and fed a 1:1 168 mixture of Chaetoceros muelleri and Isochrysis galbana. The diet was supplied continuously, 169 maintaining a concentration of ~30 cells.µL -1 in the tanks, allowing the scallops to feed to 170 satiety for two days (Pernet et al. 2003; Pernet et al. 2005) . 171 the escape response tests. Scallops were transferred into metabolic chambers and oxygen 173 consumption was measured for 30 min. Scallops were open and ventilating after a few 174 minutes in the chambers thus ensuring that animals were well into their aerobic recovery 175 phase. Therefore, their oxygen consumption most likely reflected the maximum O 2 176 consumption rate (Tremblay et al. 2006 ). The escape response was then quantified a second 177 time, followed by a second determination of oxygen consumption rates. The higher of the two 178 oxygen uptake rates following fatigue was considered as the maximum metabolic rate 179 (VO 2 max) (Tremblay et al. 2006 ). Oxygen consumption (ml O 2 . h -1 ) was expressed as the rate 180 expected for a standard animal (soft tissue wet mass of 50 g) using the allometric correction, 181 y=aM b , where y is the oxygen consumption and b the scaling coefficient (Davies and Moyes 182 2007). We calculated a scaling coefficient of 0.8 using our data. We used wet instead of dry 183 mass as the denominator for oxygen uptake rates as the use of the muscle for subsequent 184 biochemical measurements prevented assessment of dry mass. 185
186
Mitochondrial isolation and measurement of substrate oxidation 187
Isolation procedures and measurements of substrate oxidation followed Guderley et al. 188 (1995) and Brokordt et al. (2000a) . For mitochondrial isolation, all manipulations were 189 carried out on ice except the centrifugations, which were performed at 4°C. Phasic muscles 190 were rinsed in 5 mL isolation medium and then minced. The minced muscle was then 191 homogenized in 8 volumes of ice-cold isolation buffer containing 480 mM sucrose, 30 mM 192 HEPES, 230 mM KCl, 3mM Na 2 EDTA, 6 mM EGTA, and 5 mM MgCl 2 , pH 7.0 at 25ºC. On 193 the day of the experiment, 0.1% fatty acid-free bovine serum albumin (BSA) was added. The 194 homogenate was centrifuged at 900g for 10min and the superficial lipid layer was removed. 195
The remaining supernatant was again centrifuged at 900g for 10min. The resulting 196
To optimize the purity of mitochondrial pellets and to remove MgCl 2 , the resulting pellet was 198 rinsed once by resuspension in isolation buffer free of MgCl 2 and recentrifuged at 9000g. The 199 mitochondrial pellet was re-suspended in a volume of reaction buffer corresponding to one-200 tenth of the mass of muscle used. 201
Mitochondrial oxygen uptake was measured polarographically using a water-jacketed 202 O 2 monitoring system (Qubit System, Kingston, Ontario, Canada). Temperature was 203 maintained at 5°C by a circulating refrigerated water bath. For each assay, around 1 mg of 204 mitochondrial protein (∼100 µL mitochondrial preparation) was added to 1 mL assay medium 205 containing 480 mM sucrose, 70 mM HEPES, 100 mM KCl, 10 mM KH 2 PO 4 , 50 mM taurine 206 and β-alanine, pH 7.0. On the day of the experiment, 0.5% BSA was added to the assay 207 medium (Guderley et al. 1995 
Calculation of amounts of phospholipid classes 274
The quantities of each phospholipids class and subclass of were determined from their 275 respective FA spectrum obtained by GC. To obtain the molar content of each analyzed 276 fraction, a correction factor was applied to their respective total FA molar contents: x1 for 277 plasmalogen fractions and for the natural lysoPC fraction; x1/2 for PI and the diacyl fractions 278 of PE, PC and PS, and x1/4 for the CL fraction. 279
280
Statistical analysis 281
Statistical comparisons were carried out with StatGraphics Plus 5.1 (Sigma Plus Inc., 282
Toulouse, France). Initial two-factor analysis of variance (ANOVA) (reproductive stage and 283 sex as factors) established that sex was not a significant factor for the measured parameters, 284 thus values for males and females were pooled. None of the variables we measured showed 285 any significant tank effect or interaction between tank and reproductive state. One-way 286 ANOVA followed by a posteriori Bonferoni multiple comparisons was used for analysis of 287 the effect of reproductive stage on behaviour, metabolic measurements and mitochondrial 288 characteristics. Differences were considered significant when P<0.05. 289
For lipid compositions, expressed as mol%, two-way factorial multiple analysis of 290 variance (MANOVA) using SPSS 13.0 (Lead Technologies, Chicago, Illinois, USA) was 291 applied with reproductive stage as the factor. Data were log+1 or 1/sqrt (x) transformed 292 before the analysis. Where differences were detected, least-square means multiple comparison 293 tests were used to determine which means were significantly different. Residuals were 294 screened for normality using expected normal probability plots and homogeneity of variance 295
was assessed with Levene's Test. 296
297
Reproductive status 298
The gamete volume fraction (GVF) and gonadosomatic index (GSI) both showed a 299 significant effect of date (Figure 1, P<0.001) . The highest values were observed on July 5 th 300 and represented the mature (or ripe) gametogenic stage; lower values were observed on 301
September 6 th and October 18th. Maturation stage as determined by microscopy indicated that 302 all male (2) and female (7) scallops in July had mature gonads (pre-spawned). Although GVF 303
and GSI did not discriminate between scallops in the September and October samples, 304 maturation stages did. In September, all female gonads (3) were spent while 4 of the 6 males 305 analyzed were virtually spent and 2 were spent. In October, all male gonads (3) were spent, 1 306 of the 5 female gonads was spent and 4 showed small primary oocytes. Thus, we identified 307 scallops sampled in early September as spawned and those in October as reproductive 308 The denominator typically used to standardize mitochondrial rates is the protein 342 content in the mitochondrial preparation. To evaluate rates of oxygen uptake relative to 343 parameters that are exclusively located in mitochondrial membranes, we used the 344 concentrations of ANT and cytochromes A, B and C 1 as denominators. Cytochrome levels 345 (expressed relative to the mg of proteins in the mitochondrial preparations) did not change 346 and reproductive-quiescent scallops compared to pre-spawned animals (P=0.02) (Table 3) . 348
The protein-specific levels of ANT exceeded those of the cytochromes and were significantly 349 higher (P<0.001) in reproductive-quiescent scallops compared to pre-spawned and spawned 350 scallops. Modifications in the maximal rates of glutamate respiration were more apparent 351 when mitochondrial membrane proteins were used as the denominator. When State 3 rates 352 were expressed over cytochrome B, they were higher in pre-spawned scallops than in the The HPLC method used in the present study allowed the separate analysis of 370 plasmalogen (1-alkenyl-2-acyl-) and diacyl subclasses of phosphatidylethanolamine (PE), 371
The diacyl forms of phosphatidylcholine (diacylPC), phosphatidylethanolamine (diacylPE), 374 and phosphatidylserine (diacylPS), as well as phosphatidylinositol (PI) and cardiolipin (CL) 375
were the predominant phospholipid classes in the mitochondrial fraction from scallop muscle 376 (Figure 7) . Plasmalogen forms were found in PE (PlsmPE) while they were only present in 377 trace amounts in PC and PS. LysoPC was also always found in trace amounts. 378
The relative levels (mol%) and content (nmol.mg ANT contents, would have a higher proton leak. However, the lack of change of state 4 rates 516 with reproductive stage suggests that proton leak does not increase with ANT levels. 517
Furthermore, the minor changes in the FA composition of total phospholipids in muscle 518 mitochondria suggest that they would contribute little to shifts in proton conductance between 519 reproductive stages. Thus, the increased SMR in spawned scallops is more likely associated 520 with other energetic needs or mechanical routes. 521
522
Conclusion 523
This study examined mechanisms that could explain changes in escape response 524 performance of giant scallop, Placopecten magellanicus, with reproductive status. We found a 525 rise in standard metabolic rate without significant changes in maximum metabolic rate in 526 25 spawned scallops, suggesting that increased maintenance requirements and decreased aerobic 527 scope limit their capacity to escape and to recover from exhaustion. While examining muscle 528 mitochondrial properties, we found that glutamate oxidation capacity did not change with 529 reproductive status, although CCO did. Even though our examination at these multiple levels 530 did not seem to draw a single causal chain between the molecular and organismal levels, links 531
were apparent between some levels of organization. The stability of maximal organismal VO 2 532 paralleled the lack of change of maximal capacities for glutamate oxidation by phasic muscle 533 
